Abstract. Cells of solid malignancies generally adapt to entire lack of oxygen. Hypoxia induces the expression of several genes, which allows the cells to survive. For DNA transcription, it is necessary that DNA structure is loosened. In addition to structural characteristics of DNA, its epigenetic alterations influence a proper DNA transcription. Since histones play a key role in epigenetics, changes in expression levels of acetylated histones H3 and H4 as well as of hypoxiainducible factor-1α (HIF-1α) in human neuroblastoma cell lines cultivated under standard or hypoxic conditions (1% O 2 ) were investigated. Moreover, the effect of hypoxia on the expression of two transcription factors, c-Myc and N-myc, was studied. Hypoxic stress increased levels of acetylated histones H3 and H4 in UKF-NB-3 and UKF-NB-4 neuroblastoma cells with N-myc amplification, whereas almost no changes in acetylation of these histones were found in an SK-N-AS neuroblastoma cell line, the line with diploid N-myc status. An increase in histone H4 acetylation caused by hypoxia in UKF-NB-3 and UKF-NB-4 corresponds to increased levels of N-myc transcription factor in these cells.
Introduction
Neuroblastoma is an embryonal cancer of the postganglionic sympathetic nervous system, which most commonly arises in the adrenal gland. It is the most frequent malignant disease of infancy and is a major cause of mortality from neoplasia at this age (1) . These tumors are biologically heterogeneous, with cell populations differing in their genetic programs, maturation stage and malignant potential. As neuroblastoma cells seem to have the capacity to differentiate spontaneously in vivo and in vitro (2) , their heterogeneity may affect treatment outcome, in particular the response to apoptosis induced by chemotherapy. Low-risk neuroblastoma is one of the rare human malignancies that are known to demonstrate spontaneous regression in infants from an undifferentiated state to a benign ganglioneuroma, whereas high-risk neuroblastoma grows relentlessly and may be rapidly fatal. Prognosis of the high-risk form of this type of cancer is poor, since drug resistance arises in the majority of the patients initially responding well to chemotherapy (3) .
Approximately 40% of patients suffering from neuroblastoma belong to the high-risk group. Unfavorable tumors are characterized by structural chromosomal changes, including deletions of 1p or 11q, unbalanced gain of 17q and/ or amplification of the N-myc proto-oncogene. Among them, amplification of the N-myc is a marker for high-risk neuroblastoma (3) . Indeed, N-myc overexpression in neuroblastomas with amplified N-myc is associated with poor prognosis (3) . Among the prognostic indicators of neuroblastoma, N-myc amplification is strongly associated with advanced disease stages, rapid tumor progression and the poorest disease outcome. N-myc amplification occurs in ~20 to 25% of all neuroblastoma cases and it leads to N-myc overexpression at both the mRNA and protein levels (4, 5) . However, the high N-myc expression confers the opposite biological consequence in neuroblastoma, depending on N-myc gene status. Indeed, high-level of N-myc expression is associated with favorable outcome in neuroblastoma lacking N-myc amplification. Forced expression of N-myc significantly suppresses growth of neuroblastoma cells lacking N-myc amplification by inducing apoptosis and enhancing favorable neuroblastoma gene expression. Hence, it may be postulated that high-level N-myc expression in neuroblastoma lacking N-myc amplification results in a benign phenotype (4) induces unrestricted cell proliferation, inhibits differentiation, cell growth, angiogenesis, reduces cell adhesion, metastasis and induces genomic instability (6) . In human neuroblastoma cells with inducible N-myc expression, the N-myc increases apoptosis induced by cytostatics. Furthermore, neuroblastoma cells with N-myc amplification can resist treatment only when there is additional dysfunction in the apoptosis pathways (7) . Another mechanism of drug resistance in neuroblastoma cells, to which N-myc may contribute, is the regulation of ABC transporter genes (8) . A reduction in the normal level of tissue oxygen tension, hypoxia, produces cell death if severe or prolonged (9) . In solid tumors it is a consequence of structurally and functionally disturbed microcirculation and the deterioration of diffusion conditions (10) . Although hypoxia is toxic to both cancer cells and normal cells, cancer cells undergo genetic and adaptive changes that allow them to survive and even proliferate in the hypoxic environment (9) . Therefore, tumor hypoxia appears to be strongly associated with tumor progression and resistance to chemo-and radio-therapy, and has thus become an important issue in tumor physiology and cancer treatment (10) . However, the mechanisms explaining how cancer cells can survive hypoxia more efficiently than normal cells remain to be explored.
The epigenetic structure of DNA in chromatin plays a role in the origin of neuroblastomas (11) . Dynamic formation of DNA leads not only to transcription of different genes but DNA is also more accessible for DNA-targeted chemotherapeutics. Approximately 75 genes are described as epigenetically affected in neuroblastoma cells (12) . DNA hypermethylation and gene silencing is generally associated with the abundance of deacetylated histones, the other essential actors of epigenetic mechanisms (13) . Indeed, histones are key players in epigenetics and their status dictates accessibility of chromatin DNA for binding of transcription factors that regulates DNA transcription (14) .
The core histones H3, H4, H2A and H2B around which 147 base pairs of DNA are wrapped are predominantly globular except for their N-terminal tails, which are unstructured (15) . There are at least eight distinct types of modifications. One of the most important histone modifications is acetylation of lysine residues, which regulates various cell processes such as transcription, repair, replication and condensation of DNA (15) . Histone acetylation is regulated by the equilibrium of two groups of enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs) (13). Watson et al showed significant alterations in the global levels of histone acetylation and DNA methylation in response to chronic hypoxic exposure, where cells were permanently maintained at 1% oxygen, i.e., specifically consistent and sustained global increases in H3K9 acetylation and DNA methylation in the absence of hypoxia-inducible factor hypoxia-inducible factor-1α (HIF-1α) (16) . Therefore, since acetylation of histones is an important epigenetic mark that may be influenced by hypoxia, investigation of changes in expression levels of acetylated histones H3 and H4 in human neuroblastoma cell lines by hypoxia is one of the aims of the present study. The effect of hypoxia on amounts of HIF-1α protein was also examined. In addition, levels of N-myc protein and another member of the Myc family of transcription factors, c-Myc, may be influenced by the chromatin structure that is dictated by acetylation of histones H3 and H4 and recruit other co-factors to activate gene expression (17) (18) (19) . Therefore, the present study also investigated the effect of hypoxia on the relationships between acetylation of histones H3 and H4 and expression of N-myc and c-Myc in neuroblastoma cells. Since heterogeneity of neuroblastoma cells may affect their responsibility to hypoxia, three neuroblastoma cell lines were tested in the present study: UKF-NB-3, UKF-NB-4 and SK-N-AS cell lines. Cell cultures. The human neuroblastoma cells lines UKF-NB-3 and UKF-NB-4 with N-myc amplification, established from bone marrow metastases of high-risk neuroblastoma, were a gift from Professor J. Cinatl Jr (J.W., Goethe University, Frankfurt, Germany). SK-N-AS cells with diploid N-myc status were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultivated in Iscove's modified Dulbecco's medium (IMDM) (Lonza, Basel, Switzerland), supplemented with 10% fetal calf serum and 2 mM L-glutamine, (PAA Laboratories, Pasching, Austria) at 37˚C and 5% CO 2 . For experiments with hypoxia, a hypoxic chamber purchased from Billups-Rothenberg (Del Mar, CA, USA) was prepared with an atmosphere containing 1% O 2 , 5% CO 2 and 94% N 2 .
Materials and methods

Chemicals
Estimation of contents of acetylated histones H3 and H4 in neuroblastoma cells. Cell pellets were re-suspended in 10 mM HEPES buffer pH 7.9 containing 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol and 1.5 mM PMSF for preparation of acid extraction of proteins as introduced in the anti-H4 antibody datasheet. To each sample, hydrochloric acid was added to a final concentration of 0.2 M. The samples were incubated on ice for 30 min and centrifuged at 11,000 x g for 10 min at 4˚C. The supernatant fraction, which contains the acid soluble proteins, was dialyzed against 0.1 M acetic acid, twice for 1 h each, and against distilled water for 2 h and overnight. Protein concentrations were assessed using the DC protein assay (Bio-Rad) with serum albumin as a standard. Five and/or 15 µg of extracted proteins were subjected to SDS-PAGE electrophoresis (20,21) on a 17% gel for analysis of histone H3 and/or H4 acetylation, respectively. After migration, proteins were transferred to a nitrocellulose membrane and incubated with 5% non-fat milk to block non-specific binding. The membranes were then exposed to specific rabbit polyclonal anti-H3 (1:10,000) and anti-H4 (1:20,000) (both from Upstate, Lake Placid, NY, USA), antibodies overnight at 4˚C. Membranes were washed and exposed to peroxidase-conjugated anti-IgG secondary antibodies (1:3,000) and the antigen-antibody complex was visualized by enhanced chemiluminescence detection system according to the manufacturer's instructions (Immun-Star HRP Substrate) (both from Bio-Rad), using X-ray film from MEDIX XBU (Foma, Hradec Králové, Czech Republic). Antibody against actin (1:1,000; Sigma, St. Louis, MO, USA) was used as loading control.
HAT and HDAC activity. Activity of HATs and HDACs was assessed according to the manufacturer's instructions by HAT Activity and HDAC Activity Colorimetric Assay kits (BioVision, Milpitas, CA, USA). Briefly, 68 µl of assay mix containing 40 µl 2X HAT assay buffer, 5 µl HAT substrate, 15 µl HAT substrate II and 8 µl NADH generating enzyme were added to 50 µg of nuclear extract in 40 µl of distilled water. Each well of the 96-well plate was mixed. The plate was incubated at 37˚C for 1 h and then read in a VersaMax™ microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 440 nm. Alternatively, 50-200 µg of nuclear extract were diluted in 85 µl of distilled water. Ten microliters of 10X HDAC assay buffer and 5 µl of an HDAC colorimetric substrate was added to each well. After thorough mixing, plates were incubated at 37˚C for 1 h. The reaction was stopped by adding 10 µl of Lysine developer. After mixing well, the plate was incubated at 37˚C for 30 min. Samples were read in plate reader VersaMax™ microplate reader at 400 nm.
Estimation of contents of HIF-1α, c-Myc and N-myc in neuroblastoma cells.
To determine the expression of HIF-1α, c-Myc and N-myc proteins, cell pellets were resuspended in 25 mM Tris-HCl buffer pH 7.6 containing 150 mM NaCl, 1% detergent Igepal ® CA-630 (Sigma), 1% sodium deoxycholate and 0.1% SDS and with solution of Complete™ (protease inhibitor cocktail tablet; Roche, Basel, Switzerland) at concentrations described by the provider. The samples were incubated for 60 min on ice and thereafter centrifuged for 20 min at 14,000 x g and 4˚C. Supernatant was used for additional analysis. Protein concentrations were assessed using the DC protein assay (Bio-Rad) with serum albumin as a standard. Then, 50 µg of extracted proteins were subjected to SDS-PAGE electrophoresis on an 11% gel for analysis of HIF-1α, c-Myc and N-myc protein expression. After migration, proteins were transferred to a nitrocellulose membrane and incubated with 5% non-fat milk to block non-specific binding. The membranes were then exposed to specific rabbit polyclonal anti-HIF-1α (1:3,000; Zymed Life Technologies, Carlsbad, CA, USA), rabbit monoclonal anti-c-Myc (1:500) antibodies and to specific mouse monoclonal anti-N-myc (1:1,000) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) antibody overnight at 4˚C. Membranes were washed and exposed to peroxidase-conjugated anti-IgG secondary antibodies (1:3,000; Bio-Rad), and the antigen-antibody complex was visualized by enhanced chemiluminescence detection system according to the manufacturer's instructions (Immun-Star HRP Substrate), using X-ray film from MEDIX XBU. Antibody against actin (1:1,000; Sigma) was used as loading control.
Cell cycle analysis. To determine cell cycle distribution analysis, 5x10
5 cells were plated in 60 mm dishes and treated under hypoxic conditions for 24 h. After treatment, the cells were collected by trypsinization, stained with DNA PREP reagent kit (Beckmann Coulter, Fullerton, CA, USA), that contains permeabilization reagent and propidium iodide solution with RNase, according to the manufacturer's instructions, and at least 30,000 cells were analyzed by flow cytometry on a FACSCalibur cytometer (BD, San Jose, CA, USA). The data were analyzed using ModFit LT software (Verity Software House, Topsham, ME, USA). 
Results and Discussion
The effect of hypoxia on acetylation of histone H3 and H4 in neuroblastoma cells. Epigenetic processes are involved in causation and progression of many types of malignancies, including neuroblastoma. Therefore, we decided to explore how commonly emerging state in neoplasia regions, hypoxia affects chromatin-associated proteins and post-translational modifications of histones regulated transcription. Using western blotting, different levels of acetylated histones H3 and H4 in individual human neuroblastoma cell lines cultivated under normoxic or hypoxic conditions (1% O 2 ) were found. Cultivation of the tested neuroblastoma cells for 6, 12, 24 or 48 h in hypoxia increased acetylation of histone H4 in UKF-NB-3 and UKF-NB-4 cell lines, the lines derived from high-risk neuroblastomas with N-myc amplification. In contrast to these results, decreased levels of histone H4 acetylation after 24 h exposure to hypoxia were detected in an SK-N-AS neuroblastoma cell line having diploid N-myc status. Therefore, it may be assumed that an increase in acetylation of histone H4 is related to N-myc amplification. Acetylation of the only histone H3 was increased under hypoxic conditions in a UKF-NB-3 cell line. With the exception of 48 h hypoxia, where histone H3 acetylation was increased in UKF-NB-4 and SK-N-AS, almost no changes in histone H3 acetylation were produced by hypoxia in UKF-NB-4 and SK-N-AS cells (Fig. 1) .
Activity of HATs and HDACs.
Although the activities of HATs were slightly lowered by 24 h hypoxia cultivation of UKF-NB-3 and SK-N-AS cells, no effect of such conditions of cultivation was found on these enzymes in a UKF-NB-4 cell line. In addition, essentially no differences in activities of HDACs were produced by hypoxia in tested neuroblastoma cells (Fig. 2) . These findings suggest that increased acetylation of histones H3 and H4 in UKF-NB-3 and UKF-NB-4 neuroblastoma cells and decreased acetylation of the histones in SK-N-AS cells (see Fig. 1 ) is not directly connected with activities of these enzymes and follows from the other, still unknown, mechanism(s).
Hypoxia influences expression of N-myc but not c-Myc in neuroblastoma cells.
Different levels of N-myc protein were found in either studied neuroblastoma cell line cultivated both under hypoxic and normoxic (standard) conditions. Of all tested cell lines cultivated under standard conditions, the N-myc protein was expressed in detectable amounts only in the UKF-NB-4 cells (Fig. 3) . However, hypoxic conditions of cultivation of the neuroblastoma cells (24 h) resulted in increased expression of protein of this transcription factor in these neuroblastoma cells and even in expression of this protein in UKF-NB-3 cells. However, N-myc protein was undetectable in the SK-N-AS line, neither in normoxia nor in hypoxia. The increased levels of proto-oncogene N-myc protein mediated by hypoxia in UKF-NB-3 and UK-NB-4 neuroblastoma cell lines with N-myc amplification were paralleled with an increase in histone H4 acetylation in these cells (compare Figs. 1 and 3 ). Histone's lysine residue acetylation leads to decreased interactions between distinct chromatin fibres and to a decondensation of chromatin and increased accessibility of DNA to the transcriptional machinery due to the DNA uncoiling (22) . These results indicate that hypoxia induces an increase in gene transcription activation in the neuroblastoma cells with N-myc amplification. Since N-myc B also both activates and represses the expression of several miRNAs and long non-coding RNAs that play important roles in neuroblastoma progression (23) , an increase in its expression may be involved in the higher aggressive property of these neuroblastoma cells. Indeed, regardless of cell cultivation conditions, no N-myc expression was detected by western blotting in an SK-N-AS cell line that lacked N-myc amplification. It may be speculated that increased acetylation of histone H4 caused by hypoxia is involved in cancer progression of neuroblastoma cells with N-myc amplification. Since most tumors contain hypoxic area, N-myc overexpression induced by hypoxia may decrease response of neuroblastoma with N-myc amplification to chemotherapy.
In contrast to N-myc protein, essentially no differences in c-Myc protein expression were found in neuroblastoma cells cultivated under normoxic or hypoxic conditions (Fig. 3) , which corresponds to the findings of Huang et al, who found an inverse relationship between N-myc and c-Myc expression in various neuroblastoma derived cell lines and that both N-myc and c-Myc overexpression accelerates tumor cell proliferation and tumorigenesis directly through BMI1 (polycomb ring finger oncogene) gene transcription (24) .
Influence of hypoxia on HIF-1α protein expression in neuroblastoma cells. The transcription factor HIF-1α is a key mediator of the cellular response to hypoxia affecting expression of many genes that may inhibit apoptosis (25) . Although HIF-1β is constitutively expressed in the nucleus, HIF-1α is maintained at low levels under normoxic conditions (26) . In the presence of oxygen, the HIF-1α subunits undergo hydroxylation by oxygen-dependent prolyl hydroxylases allowing their binding to the von Hippel-Lindau (VHL) protein and targeting for ubiquitination and degradation (27) . Overexpression of HIF-1α protein has been described in many different types of human malignancies, but not in benign tumors or normal tissues (28, 29) . In addition, overexpression of HIF-1α correlates with p53 accumulation, cell proliferation, and direct activation of vascular endothelial growth factor (VEGF) promoter, which suggests important roles for HIF-1α in cancer progression (28, 30) . As in other tumors, overexpression of HIF-1α protein has been found in all neuroblastoma cell lines tested in this study, with the highest being in an SK-N-AS cell line. Only a slight increase in levels of HIF-1α protein was found after 6 h of cultivation of all tested neuroblastoma cells in hypoxia, but at longer intervals (12, 24 and 48 h), no such increase was observed (Fig. 1) .
Hypoxia affects cell cycle distribution of neuroblastoma cells.
The cell cycle distribution of tested neuroblastoma cells measured by flow cytometry was slightly altered by oxygen deprivation (1% O 2 , for 24 h) in comparison to the cell cycle distribution of cells cultivated under the standard (aerobic) conditions (Fig. 4 ). An increase in the G0/G1 phase with a concomitant decrease in the S phase of the cell cycle was produced by cultivation of all tested human neuroblastoma cells for 24 h under hypoxic conditions. It is evident that cancer cells cultivated under low levels of oxygen (1% O 2 ) require more time to be entered into the S phase of the cell cycle. This may be a consequence of a shift of cell metabolism from the oxidative to anaerobic one. It is known that the anaerobic metabolism is less effective in production of energy essential for biosynthesis of components of DNA such as deoxynucleoside triphosphates needed for biosynthesis of DNA in the S phase of the cell cycle. Another mechanism of decreased proliferation in hypoxia is the effect of HIF-1α that inhibits DNA replication and induces cell cycle arrest in various cell types (31) .
In conclusion, in the present study, we have demonstrated that hypoxic stress increased levels of acetylated histones H3 and H4 in UKF-NB-3, and histone H4 in UKF-NB-4 neuroblastoma cell lines derived from high-risk neuroblastoma, both cell lines possessing N-myc amplification. In contrast, almost no changes in acetylation of these histones were found in an SK-N-AS neuroblastoma cell line with diploid N-myc status.
Hypoxia-induced acetylation of histones in tested neuroblastoma cell lines was not associated with expression of the transcription factor HIF-1α in these cells or with changes in HAT and HDAC activities. Although HIF-1α protein was overexpressed in all neuroblastoma cell lines tested in this study, essentially no differences in its expression were produced by hypoxia. Of note, the highest levels of HIF-1α protein were found in SK-N-AS neuroblastoma cells. The increase in histone H4 acetylation mediated by hypoxia in UKF-NB-3 and UKF-NB-4 neuroblastoma cell lines was paralleled with the increased levels of proto-oncogene N-myc protein expression in these neuroblastoma cells with N-myc amplification. In addition, expression of this protein was not detectable in an SK-N-AS neuroblastoma cell line, the line with diploid N-myc status. These findings suggest that acetylation of histone H4 in neuroblastoma cells with N-myc amplification determines expression of transcription factor N-myc. The results showing the hypoxia-induced increase in levels of histone acetylation found in this study in UKF-NB-3 and UKF-NB-4 neuroblastoma cells are the opposite of those demonstrated by Li and Costa (19) , who examined the effect of hypoxia on human A549 lung carcinoma cells. These authors found that exposure of this cancer cell line to hypoxia caused a decrease in acetylation of histones H3 and H4. Moreover, the authors showed that a decreased level of c-Myc expression was consistent with the effect of hypoxia on global histone H4 acetylation in A549 cells (19) . These findings, which are different from those found in the present study, may be caused by the different type of cancer cells they used, human A549 lung carcinoma cells, in which N-myc amplification is missing. A decrease in acetylation of H3 and H4 by hypoxia in SK-N-AS neuroblastoma cells, a line without N-myc amplification, was also observed in the present study.
The results found in the present study indicate that insight into changes in levels of acetylated histones H3 and H4 and N-myc protein generated by hypoxic stress in the studied neuroblastoma cell lines may be important for partial explanation of the aggressive property of these cells. This is true predominantly for UKF-NB-4 neuroblastoma cells, the line with N-myc amplification and high P-glycoprotein expression that was prepared from chemoresistant recurrence (32, 33) . The N-myc protein is overexpressed in these cells and is even induced by hypoxia in these and UKF-NB-3 cells. An increased acetylation of histones allows N-myc to be easily bound to DNA, thereby inducing efficient transcription processes resulting finally in accelerated cell growth and proliferation. Therefore, among the genetic changes which allow high-risk neuroblastoma cells with N-myc amplification to survive hypoxia and to efficiently grow and proliferate under these conditions, may be the high expression of N-myc proto-oncogene and its induction by hypoxia.
